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Abstract
Proteolipid protein (PLP or lipophilin) is a highly conserved, strongly hydrophobic, integral membrane protein, and is the
major protein component of central nervous system myelin. Although PLP has been implicated in many functions, its in vivo
role is still uncertain. Here, we report the investigation of PLP’s putative adhesive function using purified PLP and
reconstituted phospholipid vesicles made of either 100% phosphatidylcholine (PC), or a mixture of 92% PC and 8%
phosphatidylserine (PS), by weight. PLP-induced changes in the phospholipid bilayer surfaces were directly examined by
transmission electron microscopy. We found that upon the introduction of PLP, larger lipid vesicles became smaller and
unilamellar. At the PLP:lipid molar ratio of 1:20, vesicle membranes rolled onto themselves forming ‘croissant’-like
structures that subsequently adhered to each other. The phenomena of PLP-induced bilayer rolling and adhesion were
dependent on the concentration of PLP and the period of incubation, but were independent of the presence of calcium and
types of phospholipids (PC or PC:PS). Furthermore, the presence of PLP in the lipid bilayers prevented the fusion of
membranes. These findings show that PLP can induce membrane ‘winding’ while preventing the fusion of adjacent lipid
bilayers. Hence, our data provide direct evidence for PLP’s suspected function of membrane adhesion, and also suggest that
PLP could potentially play a role in the formation of the myelin sheath. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Myelin is a multilamellar membrane complex that
surrounds nerve ¢bers in both the central (CNS) and
peripheral (PNS) nervous systems. A major function
of the myelin is to insulate nerve ¢bers, permitting
the rapid conduction of electrical impulses [1^3]. This
membranous sheath consists of 79% lipids (including
cholesterol), 3% carbohydrates and 18% myelin-spe-
ci¢c proteins. The CNS myelin consists of two major
protein families: proteolipid proteins (PLPs) and the
myelin basic proteins (MBPs). PLP constitutes
V50% (by weight) of the total protein whereas
MBP accounts for about 35% [4,5]. Myelin is pro-
duced by oligodendrocytes in the CNS and Schwann
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cells in the PNS. The characteristic periodicity results
from the major dense line (MDL) and the intraper-
iod line (IPL). The MDL is formed by the apposition
of the cytoplasmic surfaces of the oligodendrocytes
whereas the IPL is formed by apposition of the ex-
tracellular surfaces. Maintenance of these structures
appears to depend on both MBP and PLP [6^8].
Although the role of PLP is not de¢ned, it is consid-
ered to be primarily structural [1].
The PLP gene is located on the X-chromosome [9]
which encodes a protein of almost 30 kDa. A second
proteolipid protein, DM20, contains a deletion of 35
amino acids (residues 116^150) and its expression is
developmentally regulated [5,10]. In humans, muta-
tions in the PLP gene cause spastic paraplegia (SPG-
2) and Pelizaeus^Merzbacher disease (PMD). These
diseases show pleiotrophy with symptoms ranging
from mildly a¡ected intellectual and motor skills to
complete impairment, depending on the location of
the mutation [11]. In animals, many point mutations
in the PLP gene have been explored using jimpy
mice, paralytic tremor rabbits and shaking pup
dogs. In these systems, the ¢nal PLP and DM20
products are altered yielding deformed polypeptides
that cannot be transported from the organelle com-
partments of the oligodendrocyte to the myelin
sheath [10]. Moreover, the studies of jimpy mice
show that such PLP mutations are dominant nega-
tive [12^14], causing premature oligodendrocyte
death with subsequent dysmyelination. Overexpres-
sion of PLP/DM20 has been shown to result in a
demyelinating disease phenotype [15^17]. These stud-
ies show the complexity of PLP’s phenotype.
Biochemical and biophysical studies on PLP have
shown that it is a typical transmembrane protein
[18]. Although four hydrophobic helix-forming do-
mains have been postulated, it is still uncertain
whether two, three or all four of these regions rep-
resent transmembrane domains [19]. Although some
reports envisage the PLP as an ion channel or adhe-
sive channel-forming protein [20,21], the primary
function for PLP and DM20 appears to be the ad-
hesion and maintenance of apposing extracellular
faces of myelin membranes. However, PLP’s pheno-
type or cellular function appear to be dependent on
the types of mutations and genetic background of the
animals [12,22^24], which raises uncertainties about
its in vivo function(s).
A frequently used approach for investigating the
structure and function of many membrane proteins,
including PLP, has been to study the protein in re-
constituted phospholipid vesicles [18,25]. Freeze-frac-
ture and X-ray di¡ractometry studies of such vesicles
have shown that PLP spans the bilayer, and repro-
duces the native protein conformation [26,27]. Incor-
poration of the protein into phospholipids found in
CNS myelin, such as phosphatidylcholine (PC) and
phosphatidylserine (PS), has provided information
on its interactions with lipids [28]. Here, we have
used a similar system to study the e¡ects of protein
on lipid organization by transmission electron mi-
croscopy. The results showed that in the absence of
PLP, these phospholipid vesicles appeared as large,
globular and isolated entities, but that upon addition
of PLP, the vesicles became much smaller, £attened,
and began to roll onto themselves forming small
‘croissant’-like structures. These vesicles remained
rolled and adhered to one another in clusters. Our
data showed that lipid bilayer ‘winding’ and subse-
quent ‘extracellular’ adhesion with other rolled lipid
vesicles were PLP-dependent events. The e¡ect of
winding may not necessarily be a property of PLP
alone; however, the stabilization of rolled vesicles
provides critical evidence for PLP’s proposed func-
tion in IPL stability.
2. Materials and methods
2.1. Puri¢cation of human PLP
PLP was puri¢ed from white matter by chloro-
form-methanol suspension followed by two rounds
of Sephadex LH-20 column chromatography as de-
scribed in Gagnon et al. [29]. Ether was used to pre-
cipitate the protein fraction, which was subsequently
washed with 2-propanol, lyophilized and stored at
380‡C for future use. The purity of the protein prep-
aration was determined by dissolving V3^5 Wg of
protein in ddH2O (20% by volume): 2-chloroethanol
(80%), slow addition of gel loading bu¡er, followed
by size-fractionation using sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE)
under reducing and denaturing conditions in 13.5%
polyacrylamide [30]. Two proteins corresponding to
the molecular weights of PLP (major) and DM20
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(minor) were detected by Coomassie blue staining
(Fig. 1). Hence, we consider that the protein prepa-
ration used in this study primarily contained PLP
proteins.
2.2. Preparation of PLP: phospholipid vesicles
Preparation of phospholipid vesicles and the re-
constitution of PLP in these phospholipid vesicles
essentially followed the procedures described else-
where [31,32]. Brie£y, phosphatidylcholine (L-K-leci-
thin (phosphatidylcholine) extracted from egg) and
phosphatidylserine (phosphatidylserine-sodium salt
from brain extract) were purchased as powders
(Avanti Polar Lipids, AL), dissolved in hexane:chlo-
roform (1:1, v/v), and stored at 320‡C. These lipids
or lipid mixtures (PC (92%):PS (8%), by weight)
were placed in the bottom of a 50 ml glass tube
and dried under N2 (BOC Gases, BOC Canada, Mis-
sissauga, Canada), followed by lyophilization for 30
min. The dried PC was suspended in freshly distilled
2-chloroethanol (Aldrich, Wisconsin, USA). Lyophi-
lized PLP (prepared as above) was placed in a 50 ml
glass tube, wetted with 2-chloroethanol, and then
ddH2O added to give a ¢nal 2-chloroethanol concen-
tration of 80%. The PLP suspension was clari¢ed by
sonication for 5^10 min. Varying proportions of dis-
solved PLP and lipids were combined in a 100 Wl or
200 Wl volume and placed in dialysis bags. The dial-
ysis occurred in a ¢nal total volume of 2 l bu¡er [2
mM HEPES-NaOH (pH 7.4), 10 mM NaCl, 1 mM
CaCl2] (4 bu¡er changes of 500 ml each) at room
temperature. After dialysis was completed, samples
were prepared for transmission electron microscopy
(TEM) (see below).
To study the e¡ect of removal of calcium from the
vesicle preparation, lipid vesicles (100 Wg) were made
using either the PC or PS:PC system, in the absence
or presence of PLP (197.3 Wg). After dialysis in aque-
ous bu¡er (2 mM HEPES-NaOH, pH 7.4, 10 mM
NaCl, 1 mM CaCl2) for 4 h and storage at 4‡C for
s 24 h, preparations were centrifuged at 8800Ug for
5 min at room temperature and drained brie£y. To
the pellet, 0.1 M Na2-EDTA (pH 8.0) was added
until the precipitate cleared and came into solution
(¢nal concentration V40 mM EDTA). A 5 Wl ali-
quot from each preparation was negatively stained
for TEM. Di¡erences in any bu¡er conditions, or
experimental procedures, are stated in the ¢gure
legends.
Amounts of protein and phospholipids were deter-
mined by amino acid analysis and total phosphorus
analysis, respectively, on standard samples that were
reconstituted and dialyzed as described [32]. The mo-
lar ratios of PLP:lipid in di¡erent preparations were
calculated with the assumption that all of the pro-
teins and lipids used in these experiments partici-
pated in the reconstitution. These molar ratios are
given in the ¢gures or in parentheses in the text.
2.3. Transmission electron microscopy
Preparation of specimens for TEM entailed the use
of 5^10 Wl of vesicle preparations described above.
Fenestrated plastic made of cellulose acetate butyrate
was used to coat a 200 or 400 mesh copper grid
(Marivac, Halifax, Canada) which was later sprayed
with a thin layer of carbon. The grid was subse-
quently layered with a thin carbon ¢lm (V50 Aî ) to
Fig. 1. Purity of PLP preparation. The Coomassie blue-stained
polyacrylamide gel (13.5%) shows the proteins present in the
PLP preparation. Approximately 3^5 Wg of PLP was loaded
onto the lane. Both the full length PLP (major band), and the
spliced isoform DM20 (minor band) are seen. The blank lane
contained the bu¡er which was used to dissolve the PLP prepa-
ration.
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provide additional specimen support. Samples were
placed onto these grids for 1 min, washed with a
drop of appropriate bu¡er (30 s) and then with a
drop of ddH2O (30 s). Heavy metal negative staining
was used to provide contrast by applying saturated
solutions of (2^4%) uranyl formate or 2% uranyl
acetate (J.B. EM, Montre¤al, Canada) for 30 s and
removing excess stain by blotting. The specimens
were examined using a JEOL JEM-100CX TEM
and electron micrographs were generated at 50 000^
160 000U nominal magni¢cations.
2.4. Freeze-fracture
To study the internal structure of the vesicle mem-
branes, PLP (197.2 Wg) was incorporated into PS:PC
vesicles (100 Wg) in a 200 Wl volume, and dialyzed in
four changes of a 500 ml aqueous bu¡er [2 mM
HEPES-NaOH (pH 7.4), 10 mM NaCl, 1 mM
EDTA] for 4 h. An aliquot of the preparation was
rapidly frozen and fractured. Replicas of the frac-
tured surfaces were made by Pt shadowing (V20
nm at 45‡) and carbon stabilization (V2 nm at
90‡). Finally, the treated replicas were picked up on
a 400 mesh copper grid and examined using a Philips
EM 300 TEM at 20 000^50 000U nominal magni¢-
cation.
2.5. Measurements of absorbance
After taking a sample of 10 Wl for electron micros-
copy, all the dialyzed vesicle samples in a single ex-
periment were adjusted to 400 Wl and the OD450
readings were recorded using a quartz cuvette and
a spectrophotometer (Ultrospec II, Biochrome, Phar-
macia, Uppsala, Sweden). The volume adjustment
required only V20^50 Wl of the bu¡er. The spectro-
photometer was standardized with the dialysis bu¡er
used in that experiment.
3. Results
3.1. PLP mediates the adhesion and rolling of
phospholipid vesicles
To study the e¡ect of PLP concentration on the
change in morphology of lipid vesicles, PLP was in-
corporated into PC vesicles. A ¢xed amount of PC
(100 Wg) and varying amounts of PLP (0.8^98.6 Wg)
were mixed in 200 Wl of 2-chloroethanol solvent. The
solvent was subsequently replaced by an aqueous
bu¡er by 4 h of dialysis. Specimens from each con-
dition were examined by electron microscopy (Fig.
2). The absorbance values at OD450 of these prepa-
rations were also determined (Fig. 3). The results
from these experiments showed that the control
phospholipid vesicles, without PLP, were typically
large, globular and essentially isolated from one an-
other (Fig. 2A). Presence of a small quantity of PLP
in PC vesicles (up to a PLP:PC molar ratio of
1:2560) showed very little morphological alteration
compared to the control PC vesicles (Fig. 2B). With
the increase in PLP concentration, i.e., from the
PLP:lipid molar ratio of 1:2560C1:1280C1:640,
some of the vesicles (Fig. 2C,D) appeared to be
loosely compacted and multilamellar. Since these
subpopulations of vesicles were distinctly di¡erent
from the control vesicles, they presumably contained
most of the PLP. At a higher PLP concentration
(PC:PLP, 1:320) most of the vesicles were MLVs,
and formed large groups (Fig. 2E). A further in-
crease in PLP concentration (PLP:PC, 1:160) re-
sulted in predominantly smaller-sized vesicles (Fig.
2F). These vesicles were unilamellar and seemed £at-
tened. When PLP concentration was increased fur-
ther yet (PLP:PC, 1:80), the vesicles appeared with
prominent edges and £attened regions in the middle
C
Fig. 2. Electron micrographs showing the e¡ect of PLP concen-
tration on the morphology of neutral phospholipid (PC)
vesicles. The ratios indicated in each panel represent the molar
ratios of PLP:PC. (A) Control vesicles (100 Wg) without PLP.
These vesicles are large and some of them may be multilamellar
in nature. (B) PLP at 1.5 Wg. (C) PLP at 3.0 Wg. Some of the
vesicles show multilamellarity as shown by the arrows. The rest
of the vesicles are visually identical to the vesicles without pro-
tein. (D) PLP at 6.2 Wg. The multilamellar vesicles are indicated
by arrows. (E) PLP at 12.3 Wg. MLVs with identi¢able inter-
membranous spacings are seen exclusively. (F) PLP at 24.6 Wg.
Two types of vesicles are seen. The ¢rst type is identical to the
MLVs seen in (E). The second and predominant type is smaller
in size and unilamellar. (G) PLP at 49.3 Wg. (H) PLP at 98.6
Wg. All of the vesicles are small and unilamellar. They appear
as curled or partially rolled vesicles with prominent edges. Most
of these vesicles are adhering to each other. Each inset shows a
2-fold magni¢ed view of a selected region.
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(Fig. 2G). This appearance represented the two-di-
mensional view of the spherical vesicle deposited
onto the specimen support for microscopy and was
typical for unilamellar vesicles (ULV) [33]. External
surfaces of some of these ULVs were attached to
other ULVs. At the highest concentration of PLP
used in this experiment (PLP:PC, 1:40), most of
the vesicles were ULVs and adhered to each other
(Fig. 2H). Some of these vesicles showed a partially
curled/rolled and croissant-like appearance.
The TEM observations concurred with absorbance
values taken at OD450 (Fig. 3). The larger, or aggre-
gated, vesicles typically showed higher OD450 values
due to greater turbidity while the more dispersed and
smaller vesicles showed the lowest absorbance values
(Fig. 2F). A similar e¡ect of varying PLP concentra-
tions was also observed in other experiments (see
below; Figs. 4 and 5). To test whether the vesicle
adhesion was due to any non-speci¢c lipid aggrega-
tion, these preparations were serially diluted up to
20-fold. However, these vesicles still remained adher-
ent to each other (data not shown). Furthermore,
shearing of these preparations by passing through a
needle was also attempted but separation was not
thereby achieved (data not shown).
The concentration-dependent e¡ect that PLP ex-
erts on phospholipid vesicles was consistently seen
in each condition. The rolling or the winding of
membranes induced by PLP showed that PLP was
capable of forming myelin-like structures in vitro.
These rolled croissant-like structured vesicles seen
at high PLP concentration persisted as large aggre-
gates but did not fuse. The inhibition of vesicle mem-
brane fusion supports the concept that PLP acts as
an adhesive glue between extramembranous surfaces
while maintaining the intermembranous spacing.
3.2. PLP-induced vesicle rolling is independent of the
phospholipid systems utilized
In order to establish that PLP-induced vesicle roll-
ing and adhesion were not restricted to the neutral
PC, another frequently studied lipid combination of
neutral PC (92% by weight) and acidic PS (8%) was
used [32]. Again, a range of PLP concentrations was
employed, including the critical PLP concentration
that was required for the initiation of vesicle rolling
and adhesion (Figs. 2 and 3). The results from this
experiment best exempli¢ed the similarity of PLP
e¡ects on the two types of lipid vesicles (Fig. 4).
The PS:PC vesicles were globular and quite similar
to those with PC; however, they appeared distinc-
tively smaller (Fig. 4A). Morphological changes on
vesicles exerted by increased PLP concentrations
were comparable in the PC and PS:PC systems
(Fig. 4B,C versus E,F). The croissant-like vesicles
were clearly seen at a PLP:lipid ratio of 1:20.
Results from this experiment showed that the
PLP-induced vesicle rolling was not in£uenced by
the presence of charged lipids, and that the PLP-in-
duced curling/rolling of the vesicles was more fre-
quently seen above a PLP:lipid concentration of
1:20^40.
3.3. PLP-induced vesicle rolling and adherence are
time dependent
To examine the time-dependence of changes of
PLP-mediated vesicle rolling and adhesion, di¡erent
amounts of PLP and PC vesicles were used. The
samples were withdrawn at di¡erent time points, neg-
atively stained and analyzed by TEM. Fig. 5 illus-
trates the time course of vesicle rolling. The results
show the relationship between the initial introduction
Fig. 3. Aggregation of vesicle preparations measured by absorb-
ance at 450 nm. Volumes of all the sample preparations de-
scribed in Fig. 2 were adjusted to 400 Wl and their absorbances
at OD450 were measured. The value recorded for vesicles with-
out protein is marked on the y-axis by the ¢lled square symbol.
The absorbance readings indicate the turbidity of the samples,
and re£ect the nature of vesicle aggregation seen in Fig. 2.
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Fig. 4. Electron micrographs showing the e¡ect of the alteration of lipid composition on the PLP-induced vesicle rolling and adhesion.
The micrographs (A^C) represent the PS:PC system and (D^F) represent the PC system. (A) PS:PC vesicles (100 Wg) without PLP.
These vesicles are smaller than the PC vesicles but remain primarily globular and isolated. (B) PLP at 98.6 Wg. The edges of the
vesicles are prominent and partly curled. Vesicles are primarily adhering to each other. (C) PLP at 197.2 Wg. Vesicles are smaller and
unilamellar, and they are mainly curled and adhering to each other. (D) PC vesicles without PLP. (E) PLP at 98.6 Wg. (F) PLP at
197.2 Wg. The e¡ect of PLP on bilayer morphology was similar in both of these phospholipid systems.
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of PLP and lipid, and the interval permitted for the
possible recognition of PLP’s physical existence with-
in the bilayer as seen by deviations from control
vesicle structures. At the initial incubation period,
most of the vesicles were unilamellar and isolated,
regardless of the presence of PLP (Fig. 5; time 0).
However, presence of PLP in the system led to the
formation of MLVs or smaller ULVs (Fig.
5G,J,M,P). With longer incubation periods, only
larger vesicles were observed in the control prepara-
tion (Fig. 5A^C), suggesting that vesicle fusion had
occurred. Interestingly, PLP-containing vesicles ad-
hered to each other as early as 30 min of incubation
but did not fuse to each other (Fig. 5G^R). When
the amount of PLP was increased (PLP:PC, 1:25),
the PLP induced the formation of smaller vesicles
(Fig. 5M^R). These vesicles were mainly homoge-
nous in size, and curled/rolled, or adhered by their
external surfaces. However, the presence of a lower
amount of PLP (PLP:PC, 1:125) led to the forma-
tion of a mixture of both MLVs and large vesicles
(Fig. 5G^L). The MLVs seen in the presence of PLP
were di¡erent from the ones occasionally seen in the
absence of PLP (e.g. Fig. 6A). These PLP-containing
MLVs showed loosely packed membranous arrange-
ments (Fig. 5H,I,K,L; also see Fig. 2C^F).
The observations at di¡erent incubation times em-
phasized that PLP-mediated vesicle rolling was a
time-dependent event. A critical PLP concentration
appeared to exist for the vesicle rolling. At higher
PLP concentrations, the time factor was nearly nul-
li¢ed in that the incorporation of protein into the
lipid vesicles almost immediately caused rolling and
adhesion. This indicated that the rolling event took
place due to the presence of closely localized PLPs in
the vesicle membranes. The failure of PLP at lower
concentrations to roll vesicle membranes after longer
incubation intervals may re£ect a threshold relative
protein concentration below which this phenomenon
could not occur. However, a low PLP concentration
was adequate to maintain the intermembranous
spacing.
3.4. PLP-induced rolling of phospholipid vesicles is
Ca2+-independent
Calcium plays many roles in biological membranes
[25]. Hence, in order to establish if this cation in£u-
enced PLP-induced vesicle rolling and adhesion, we
performed two types of experiments. In the ¢rst ex-
periment, we compared the e¡ect of calcium with the
e¡ect of a chelator at various incubation periods
(Fig. 5). These experiments were conducted using a
PC vesicle system, and the samples were dialyzed in
the bu¡er with either 1 mM CaCl2 or 1 mM Na2-
EDTA. The structures observed in both bu¡er sys-
tems showed no morphological di¡erences. Impor-
tantly, even in the absence of Ca2 ions, PLP in-
duced similar structural changes in the lipid
vesicles. This observation suggested that Ca2 was
not required for vesicle rolling and membrane adhe-
sion.
Calcium is known to cause cochleate structures on
acidic lipid-containing vesicles. Furthermore, remov-
al of calcium from such vesicles causes extensive fu-
sion of membranes and eventual formation of large
sheets of bilayers [25]. Hence, in the second set of
experiments we prepared the vesicles in the presence
of calcium, which was subsequently removed by che-
lation with EDTA. In this experiment, we deliber-
ately allowed the vesicles to associate with each other
by storing the vesicle preparations at 4‡C for s 24 h
(tested for up to two weeks) in the presence of 1 mM
CaCl2. The samples were then centrifuged, the Ca2-
containing supernatant was discarded, and then the
membranes were induced to fuse by chelation of re-
maining Ca2 by the addition of excess EDTA (40
mM). In this experiment, we used both PC and
Fig. 5. A time course of PLP-induced vesicle rolling and adhesion. (A^C) Control vesicles (62.5 Wg) without PLP, in calcium bu¡er.
ULVs were seen at the initial incubation period, and they became large and presumably multilamellar within 30 min. (D^F) Control
vesicles without PLP, in EDTA bu¡er. (G^I) PLP at 19.7 Wg in calcium bu¡er. Many vesicles showed multilamellarity, and they ad-
hered to each other within 30 min. (J^L) As for (G^I), but in EDTA bu¡er. (M^O) PLP at 98.6 Wg in calcium bu¡er. The vesicles
seen under this condition were unilamellar, small and isolated. Within the same 30 min incubation period, these vesicles adhered to
each other but did not fuse to form larger vesicles. They also appeared curled at 30 min. These vesicles were exclusively aggregated
by V2 h of incubation. (P^R) As for (M^O), but in EDTA bu¡er. The morphology of the vesicles in EDTA bu¡er was similar to
that of vesicles in the calcium bu¡er.
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Fig. 6. Electron micrographs showing the e¡ect of removal of calcium on the fusion of vesicle membranes. Micrographs (A^D) repre-
sent the PS:PC vesicle system. (A) PS:PC vesicles without PLP before calcium removal. Although some of the vesicles were already
fused, part of the vesicle population remained multilamellar but with membranes attached to each other as shown in the micrograph.
(B) Prepared as in (A), but the calcium was removed by chelation. All of the small vesicles had fused into larger ones. (C) PS:PC
vesicles (100 Wg) containing PLP (197.2 Wg) before the removal of calcium. The vesicles were small and adhered to each other. (D)
Prepared as in (C), but the calcium was removed by chelation. These PLP-containing vesicles did not change their morphology, and
remained adherent to each other. Micrographs (E^H) represent the PC vesicle system. (E) PC vesicles without PLP, in calcium bu¡er.
These vesicles were large, and part of the population had already fused to each other. (F) Prepared as in (E), but the calcium was re-
moved by chelation. All of the vesicles had fused into larger vesicles. (G) PC (100 Wg) vesicles with PLP (197.2 Wg) before the removal
of calcium. All of the vesicles were aggregated together. (H) As for (I), but after the removal of calcium. The vesicles remained ad-
hered to each other but did not fuse to form large vesicles.
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PS:PC vesicle systems. Examination of these prepa-
rations showed that the vesicles without protein also
tended to associate with each other during extended
periods of storage (Fig. 6A,E), and that the chelation
of calcium, indeed, led to the fusion of membranes
(Fig. 6B,F). Acidic lipid-containing vesicles (PS:PC)
were more e¡ective in membrane fusion compared to
vesicles made of neutral lipid (PC) alone (Fig. 6A,E).
This observation agreed with previous reports re-
garding the behavior of these lipids [33,34]. When
PLP was present in these vesicles they showed exces-
sive adhesion at an early incubation time (e.g. Fig.
5I,L,O,R). The adhesion caused by PLP persisted
even after s 24 h storage (Fig. 6C,G). After the re-
moval of calcium, a limited amount of membrane
fusion was observed only at a lower PLP concentra-
tion, indicating that the PLP-de¢cient vesicles could
fuse to each other (data not shown). Interestingly,
removal of calcium from PLP-containing prepara-
tions (PLP:lipid, 1:20) did not lead to the fusion of
membranes (Fig. 6C versus D, and Fig. 6G versus
H). Results from these experiments clearly showed
that PLP not only induced the adhesion of lipid
membranes, but also prevented them from fusing to
each other.
3.5. Rolled vesicles contain multiple bilayers
In order to ascertain the nature of the vesicles
rolled by PLP, we studied the internal arrangement
of the membranes using freeze-fracture analysis.
PS:PC vesicles were made either in the absence or
in the presence of PLP. Vesicles without PLP were
larger than the vesicles containing PLP, as seen in
previous experiments. These control vesicles were
primarily unilamellar and isolated (Fig. 7A), and
con¢rmed the previous observations (Fig. 4). The
internal arrangement of PLP-containing vesicles is
shown in Fig. 7B,C. These vesicles adhered to each
other and contained multiple layers. Some of the
fractured regions showing the multiple layers of
C
Fig. 7. Electron micrographs of freeze-fractured preparations
showing the internal details of the membranes. (A) PS:PC
vesicles without PLP. These vesicles are unilamellar and contain
smooth surfaces. (B,C) PS:PC vesicles with PLP (PLP:lipid,
1:20). (B) A fractured face showing the aggregates of the PLP-
containing vesicles. This view shows the overall organization of
the vesicles. (C) Fractured vesicles showing the multiple mem-
brane layers. Some of the completely fractured vesicles showing
spiral internal arrangements are circled. These vesicles are
smaller and contain multiple layers of membranes. The inset
shows a 2-fold magni¢ed view of the selected region. The arrow
shows the direction of shadowing.
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membranes and small-sized intact vesicles are also
shown in Fig. 7B. Such an arrangement represented
some of the adhered MLVs and the imbedded small-
er vesicles. This observation showed that the rolled
vesicles could adhere to other bilayers but exist with-
out fusing with them. Internal structure of the frac-
tured vesicles clearly showed that the small vesicles
contained multiple membrane bilayers (Fig. 7C).
Thus, the small vesicles generated in the presence
of PLP were di¡erent from the control vesicles, and
they either rolled or became multilamellar vesicles.
Vesicles showing the complete cross-section sug-
gested a spiral internal arrangement (Fig. 7C;
circled). Therefore, the structure of the PLP-contain-
ing vesicles was multilamellar, and could be inter-
nally spiral in nature.
4. Discussion
4.1. Structure^function relationship of PLP
PLP has been studied in great detail during the last
few decades, mainly because of its implicated role in
multiple sclerosis and in other neurological diseases
[4,8]. Although several studies have implicated PLP
in di¡erent functions, such as maintenance of the
IPL of CNS myelin [6,35], ion channel formation
6
Fig. 8. Proposed model for PLP-mediated vesicle rolling and
adhesion. Lipid vesicles are drawn as cross-sections and the
grey ¢llings represent the lipid bilayers. Black ovals represent
PLP. Black circles indicate the PLP domains at the exterior sur-
faces of the vesicles and the open circles indicate the PLP do-
mains at the interior surfaces of the vesicles. These circles do
not necessarily represent the orientation of the protein in vivo.
At a low PLP concentration, or at the initial incubation period,
only a limited amount of PLP is incorporated into the lipid bi-
layers of the vesicles. Hence, the vesicles remain isolated. With
a higher concentration of PLP, or at a longer incubation peri-
od, many PLP molecules could be incorporated into the lipid
membranes. At this condition, the presence of proximal PLPs
could allow the protein:protein interaction of PLP via their ex-
tramembranous domains. This interaction could make the mem-
branes curl or roll over onto themselves. Furthermore, the ex-
tramembranous domains found at the outer surfaces of the
curled or rolled vesicle can interact with other similar vesicles,
leading to adhesion. Furthermore, involvement of a higher
number of PLP molecules in such PLP:PLP interaction could
prevent the fusion of lipid bilayers. The progressive reduction
in the size of phospholipid vesicle with the presence of in-
creased amount of PLP may be due to the increased curvature
of the phospholipid bilayers in the presence of this transmem-
brane protein.
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[20,21], regulation of oligodendrocyte growth [14]
and regulation of gene expression or protein levels
[22,36^38], there is no conclusive evidence to support
most of these functions (reviewed in Refs. [1,12]).
Recently, PLP has also been implicated in playing
a role in PNS myelin structure [39,40], which further
implies that PLP has multiple functions in vivo.
Several remarkable studies have been conducted to
ascertain the function of PLP using transgenic ani-
mals [7,12,15,17]. These genetic manipulations in-
cluded elimination of PLP expression by null muta-
tion, alteration of PLP structure by point mutation,
or overexpression of PLP. Electron microscopical
studies on sectioned nerve tissue from transgenic an-
imals have shown that ablation of the PLP gene re-
sulted in ‘normal appearing’ myelin with a prominent
MDL, albeit with an altered IPL [6,12,35]. Altera-
tions of PLP structure by point mutations have led
to dysmyelination [11,13,14], on the other hand. The
phenotypes of such transgenic animals are not di-
rectly explainable, however, because point or null
mutations could result in alteration of several of
the proposed functions of PLP, or in compensation
for its misfunction or loss by some other protein(s).
Thus, it remains reasonable to envisage a direct in-
volvement of PLP in the formation of the myelin
sheath.
4.2. Is PLP involved in the winding of lipid
membranes?
The mechanism of myelin sheath formation is an
intricate process, and no model explains it satisfac-
torily [2,41]. The most accepted model suggests that
the oligodendrocyte processes of glial cells (oligoden-
drocytes in the CNS and Schwann cells in the PNS)
wrap around the axon and move inward. As the
oligodendrocyte process continues to wind, the cyto-
plasmic faces of its plasma membrane compact to-
gether, forming the major dense lines as seen in axo-
nal cross-sections in electron micrographs of
myelinated neurons [8]. The cytoplasm of these mul-
tiple layers of membranes is interconnected via later-
al loops and the Schmidt^Lanterman cleft for the
transport of proteins and other components. It is
also known that PLP is transported to the site of
myelin formation in a vesicular form while the
MBP is translated at the site using transported
mRNA [4,42]. Hence, the model theoretically ex-
plains a possible mechanism for the formation of
myelin. However, the identities of the proteins in-
volved in the formation of myelin are not clearly
established [2,41]. Here, our results show that PLP
induces vesicle rolling in a protein-dependent and
time-dependent manner (Fig. 5).
Results from all of our in vitro experiments could
be explained using a simple model (Fig. 8). At a low
protein concentration or at the initial incubation pe-
riods, PLP is only sparsely incorporated into the
membranes. Under these conditions, PLP or PLP
complexes present in the lipid bilayers are unable
to exert signi¢cant structural changes on the mem-
branes. However, in the presence of increased
amounts of PLP, or with increased incubation time,
more PLP could be incorporated into the membranes
(Figs. 2, 4 and 5) and could closely pack them. This
situation could facilitate the interaction of extracel-
lular domains of the PLP molecules. Such an inter-
action could lead to the rolling or the winding of the
lipid bilayers (Figs. 4 and 7). Membrane curvature
studies using other membrane proteins such as cla-
thrin, cytochrome b5 and gramicidin channel protein
[43^45] suggest that the curvature of the lipid bi-
layers is altered in the presence of these hydrophobic
proteins. Hence, PLP may also exert such a change
in membrane curvature. In addition to the phenom-
enon of intravesicular compaction, PLP can also af-
fect membrane adhesion. The outer surface of the
rolled vesicles would contain extramembranous do-
mains that are available to interact with other similar
vesicles containing PLP on their surfaces. This could
lead to the adhesion phenomenon seen in these PLP-
containing vesicles (Figs. 2, 4^6).
The simple model in Fig. 8 suggests that PLP is
capable of rolling lipid bilayers. Biophysical studies
of PLP-containing lipid bilayers show that PLP ex-
erts a condensing e¡ect on the lipid molecules inter-
acting with the protein molecules [46]. Moreover, low
concentrations of PLP in the lipid bilayers tend to
form clusters that lead to the formation of protein-
rich and protein-free regions, whereas high concen-
trations of PLP lead to a more randomly dispersed
distribution of protein molecules [47]. Such e¡ects
could contribute to the rolling phenomenon seen in
our experiments, and validate the proposed model
(Fig. 8).
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Although our model suggests that PLP is capable
of rolling or winding lipid bilayers, the winding of
the membranes in the native myelin may not be sole-
ly dependent on PLP. For example, even in the ab-
sence of PLP (null mutants), the myelin sheath is still
formed with a distinct MDL, and the phenotype is
apparently normal [6,12]. Some recent reports sug-
gest that another proteolipid protein, plasmolipin,
may also be involved in the adhesion of myelin mem-
branes [48,49]. Moreover, the dysmyelination may be
attributable to the block in the myelination caused
by truncated or misfolded PLP [6]. Hence, either the
PLP is not involved in membrane winding in vivo, or
the e¡ect seen in our in vitro experiments represents
a secondary function in vivo. If the PLP-induced
rolling of membranes is not essential for the forma-
tion of the myelin sheath in vivo, then there should
be another mechanism for the winding of myelin in
vivo. The existence of such a mechanism is not
known, yet. Some reports, however, suggest that
MBP or myelin-associated glycoprotein (MAG)
may be involved in the myelination of axons in
vivo [23,24,41,50]. Future studies should, however,
investigate the role of MBP in myelinogenesis. Inter-
estingly, in the PNS system, P0 protein could ful¢l
the role of MAG during the formation of spiralling
loops of myelin [41]. Therefore, a backup mechanism
exists for the formation of myelin, but is detectable
only when the other mechanism is dysfunctional.
Since PLP is the CNS counterpart of P0 protein, a
similar function could also be envisaged for PLP in
the formation of the myelin sheath.
The membrane rolling e¡ect caused by PLP is de-
tectable in simple lipid systems such as PC lipid
vesicles (Figs. 2, 4 and 5). However, since native
myelin contains many types of lipids, including
charged and neutral lipids, we also modi¢ed the lipid
system by inclusion of small amounts of acidic PS to
the neutral PC [28,32]. Both lipid systems behaved
similarly (Figs. 4 and 6). This observation indicates
that the e¡ect exerted by PLP is not restricted to one
type of lipid system, but is more general in nature.
Cholesterol and glycolipids are also found in native
myelin, and the presence of these molecules in the
phospholipid bilayers may modulate PLP-induced
rolling and membrane curvature. Although cholester-
ol a¡ects the curvature of the membrane under dif-
ferent experimental conditions, it does not com-
pletely eliminate it [45,51]. Hence, the presence of
other components in the lipid membranes is unlikely
to eliminate the PLP-induced bilayer rolling e¡ect
completely.
The membrane rolling e¡ect of PLP is clearly seen
when the PLP:PC or PS molar ratio is V1:20 (Figs.
4 and 5), and this ratio is closer to the PLP:PC or PS
ratio (1:15^26) found in native myelin [19]. The num-
ber of lipid molecules at the boundary layer of each
PLP molecule in the reconstituted lipid bilayer sys-
tems was also determined to be 14^25. The exact
number, within this range, is dependent on the types
of lipids used in the reconstitution system [46,52].
When considering all the lipid components found
in native myelin, the ratio of PLP:lipid would reach
up to 1:298 [19]. Although some reports suggest that
the in vitro systems were inadequate to represent the
myelin environment [53], others have shown their
usefulness [26,27,54]. Since our conditions closely re-
£ect the ratio of protein to lipid in native myelin, the
e¡ect observed in our in vitro system possibly occurs
under native conditions as well.
4.3. Is PLP involved in the maintenance of
‘myelin-like’ lipid bilayers?
Structures and functions of many proteins and bi-
ological membranes are altered by various ions, and
especially the e¡ect of calcium on such systems has
been studied in detail [25]. Some reports suggest that
PLP is an ion channel-forming protein, and/or in-
volved in ion gating [20,21]. Hence, PLP may play
a functional and/or structural role in the nervous
system. However, the e¡ect of calcium, or of any
other ion, on PLP’s structure or function is not
known. Some reports suggest that calcium down-reg-
ulates the expression of PLP in cultured oligodendro-
cytes [55]. Furthermore, the presence of PLP in the
reconstituted membranes increases the permeability
of the membranes to sodium ions. Addition of cal-
cium to this system further enhances the permeability
of PLP-containing acidic vesicles [34]. Whether cal-
cium exerts any e¡ect on the formation of myelin is
not known, but its e¡ect on the fusion of vesicles in
vivo and in vitro has been studied extensively [25].
Calcium ions have been shown to promote phase
separation [28] and the formation of cochleate cylin-
ders in large vesicles containing acidic lipids; how-
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ever, such an e¡ect amongst neutral phospholipids
such as PC is negligible [34]. Moreover, it has been
established that PLP preferentially binds to acidic
lipids, including PS, and induces phase separation
of PS from the bulk lipid. Both lipid binding and
phase separation induced by PLP involve hydropho-
bic and electrostatic interactions, and the phase sep-
aration is enhanced by the presence of calcium in the
bu¡er [28]. However, PLP induces similar structural
changes on both PC and PS:PC systems with or
without calcium ions (Figs. 4 and 6). Therefore,
any potential structural e¡ects, such as the formation
of cochleate structures, induced by acidic lipids and/
or calcium are excluded from consideration. Hence,
we surmise that the winding of bilayers and the for-
mation of rolled vesicles is a general and genuine
PLP-induced e¡ect.
The fusion of lipid bilayers is an essential feature
of several cellular functions. Our results clearly show
that the calcium-induced fusion of membranes is pos-
sible in the absence of PLP, or in the presence of a
lower concentration of PLP in lipid membranes.
However, the presence of PLP at a higher concen-
tration (PLP:lipid ratio of s 1:40) in lipid bilayers
prevents the fusion of these membranes in vitro
(Figs. 2, 4 and 6). In vivo, PLP is transported to
the site of myelin formation via vesicles which fuse
to the ‘growing’ myelin sheath, or to the preformed
myelin sheaths [4]. Although the growing myelin
sheaths require the fusion of the lipid bilayers, the
maintenance of mature myelin requires the preven-
tion of membrane fusion. Hence, our results support
the idea that PLP molecules interact with each other
via extracellular domains in the context of mem-
branes, and maintain the IPL by acting as a PLP-
zipper [12] or a glue [56], as postulated by Boggs and
Moscarello [52] some 20 years ago.
Note added in proof
We inadvertently omitted reference to the work of
ter Beest et al. [57], who also observed that an
increasing concentration of PLP results in a decrease
in vesicle size; however, we have investigated this
phenomenon over a signi¢cantly larger range of
PLP concentrations.
Acknowledgements
We thank Mr. Bob Harris for assisting in freeze-
fracturing, microscopy and in maintaining the EM
facilities. This work was supported by the Multiple
Sclerosis Society of Canada (G.H.) and by the Nat-
ural Sciences and Engineering Research Council of
Canada (G.H.). A grant from the Medical Research
Council of Canada (M.A.M.) is gratefully acknowl-
edged.
References
[1] P.E. Knapp, Dev. Neurosci. 18 (1996) 297^308.
[2] J.A. Kamholz, Mult. Scler. 2 (1996) 236^240.
[3] L. Steinman, Cell 85 (1996) 299^302.
[4] S.A. Kalwy, R. Smith, Mol. Membr. Biol. 11 (1994) 67^78.
[5] S. Timsit, M.P. Sinoway, L. Levy, B. Allinquant, J. Stem-
pak, S.M. Staugaitis, D.R. Colman, J. Neurochem. 58 (1992)
1936^1942.
[6] D. Boison, H. Bussow, D. D’Urso, H.W. Muller, W. Sto¡el,
J. Neurosci. 15 (1995) 5502^5513.
[7] K. Ikenaka, T. Kagawa, Dev. Neurosci. 17 (1995) 127^136.
[8] J.M. Matthieu, J. Inher. Metab. Dis. 16 (1993) 724^732.
[9] H.F. Willard, J.R. Riordan, Science 230 (1985) 940^942.
[10] M. Tosic, B. Matthey, A. Gow, R.A. Lazzarini, J.M. Mat-
thieu, J. Neurosci. Res. 50 (1997) 844^852.
[11] S.S. Scherer, Neuron 18 (1997) 13^16.
[12] M. Klugmann, M.H. Schwab, A. Puhlhofer, A. Schneider,
F. Zimmermann, I.R. Gri⁄ths, K. Nave, Neuron 18 (1997)
59^70.
[13] N.L. Nadon, H. Arnheiter, L.D.A. Hudson, J. Neurochem.
63 (1994) 822^833.
[14] A.M. Schneider, I.R. Gri⁄ths, C. Readhead, K.A. Nave,
Proc. Natl. Acad. Sci. USA 92 (1995) 4447^4451.
[15] T. Kagawa, K. Ikenaka, Y. Inoue, S. Kuriyama, T. Tsujii, J.
Nakao, K. Nakajima, J. Aruga, H. Okano, K. Mikoshiba,
Neuron 13 (1994) 427^442.
[16] F.G. Mastronardi, C.A. Ackerley, L. Arsenault, B.I. Roots,
M.A. Moscarello, J. Neurosci. Res. 36 (1993) 315^324.
[17] C. Readhead, A. Schneider, I. Gri⁄ths, K.A. Nave, Neuron
12 (1994) 583^595.
[18] I. Kahan, M.A. Moscarello, Biochemistry 24 (1985) 538^
544.
[19] H. Inouye, D.A. Kirschner, Neurochem. Res. 19 (1994) 975^
981.
[20] H. Inouye, D.A. Kirschner, J. Neurosci. Res. 28 (1991) 1^17.
[21] K. Kitagawa, M.P. Sinoway, C. Yang, R.M. Gould, D.R.
Colman, Neuron 11 (1993) 433^448.
[22] N.L. Nadon, I.D. Duncan, J. Neurosci. Res. 41 (1995) 96^
104.
BBAMEM 77489 3-12-98
N. Palaniyar et al. / Biochimica et Biophysica Acta 1415 (1998) 85^100 99
[23] C. Readhead, B. Popko, N. Takahashi, H.D. Shine,
R.A. Saavedra, R.L. Sidman, L. Hood, Cell 48 (1987)
703^712.
[24] W. Sto¡el, D. Boison, H. Bussow, Cell Tissue Res. 289
(1997) 195^206.
[25] D. Papahadjopoulos, S. Nir, N. Duzgunes, J. Bioenerg. Bio-
membr. 22 (1990) 157^179.
[26] G.W. Brady, P.S. Birnbaum, M.A. Moscarello, D. Papahad-
jopoulos, Biophys. J. 26 (1979) 23^42.
[27] I. Kahan, M.A. Moscarello, Biochim. Biophys. Acta 892
(1986) 223^226.
[28] J.M. Boggs, D.D. Wood, M.A. Moscarello, D. Papahadjo-
poulos, Biochemistry 16 (1977) 2325^2329.
[29] J. Gagnon, P.R. Finch, D.D. Wood, M.A. Moscarello, Bio-
chemistry 10 (1971) 4756^4762.
[30] B.D. Hames, in: B.D. Hames, D. Rickwood (Eds.), Gel
Electrophoresis of Proteins. A Practical Approach, 2nd
edn., Oxford University Press, Oxford, 1990.
[31] J.M. Boggs, W.J. Vail, M.A. Moscarello, Biochim. Biophys.
Acta 448 (1976) 517^530.
[32] D.D. Wood, M.A. Moscarello, J. Biol. Chem. 264 (1989)
5121^5127.
[33] A.D. Bangham, Liposome Letters, Academic Press, Toron-
to, Ont., 1983.
[34] D. Papahadjopoulos, W.J. Vail, K. Jacobson, G. Poste, Bio-
chim. Biophys. Acta 394 (1975) 483^491.
[35] D. Boison, W. Sto¡el, Proc. Natl. Acad. Sci. USA 91 (1994)
11709^11713.
[36] A.M. Fannon, M.A. Moscarello, Biochem. J. 268 (1990)
105^110.
[37] F.G. Mastronardi, C.A. Ackerley, B.I. Roots, M.A. Moscar-
ello, J. Neurosci. Res. 44 (1996) 301^307.
[38] F.G. Mastronardi, B. Mak, C.A. Ackerley, B.I. Roots, M.A.
Moscarello, J. Clin. Invest. 97 (1996) 349^358.
[39] J.Y. Garbern, F. Cambi, X.M. Tang, A.A. Sima, J.M. Val-
lat, E.P. Bosch, R. Lewis, M. Shy, J. Sohi, G. Kraft, K.L.
Chen, I. Joshi, D.G. Leonard, W. Johnson, W. Raskind,
S.R. Dlouhy, V. Pratt, M.E. Hodes, T. Bird, J. Kamholz,
Neuron 19 (1997) 205^218.
[40] T.J. Anderson, P. Montague, N. Nadon, K.A. Nave, I.R.
Gri⁄ths, J. Neurosci. Res. 50 (1997) 13^22.
[41] R. Martini, M. Schachner, Glia 19 (1997) 298^310.
[42] C. Shiota, M. Miura, K. Mikoshiba, Dev. Brain Res. 45
(1989) 83^94.
[43] J.A. Lundbaek, A.M. Maer, O.S. Andersen, Biochemistry 36
(1997) 5695^5701.
[44] R.J. Mashl, R.F. Bruinsma, Biophys. J. 74 (1998) 2862^
2875.
[45] K.M. Taylor, M.A. Roseman, Biochemistry 34 (1995) 3841^
3850.
[46] D. Fodor, R.M. Epand, M.A. Moscarello, Biochim. Bio-
phys. Acta 693 (1982) 27^33.
[47] J.M. Boggs, I.R. Clement, M.A. Moscarello, Biochim. Bio-
phys. Acta 601 (1980) 134^151.
[48] I. Fischer, R. Durrie, V.S. Sapirstein, Neurochem. Res. 19
(1994) 959^966.
[49] A. Holz, M.E. Schwab, J. Neurocytol. 26 (1997) 467^477.
[50] B. Popko, C. Puckett, E. Lai, H.D. Shine, C. Readhead, N.
Takahashi, S.W. Hunt, R.L. Sidman, L. Hood, Cell 48
(1987) 713^721.
[51] P.D. Thomas, M.J. Poznansky, Biochem. J. 254 (1988) 155^
160.
[52] J.M. Boggs, M.A. Moscarello, Biochemistry 17 (1978) 5734^
5739.
[53] F.R. Brown, J. Karthigasan, I. Singh, D.A. Kirschner,
J. Neurosci. Res. 24 (1989) 192^200.
[54] D.D. Wood, J.M. Boggs, M.A. Moscarello, Neurochem.
Res. 5 (1980) 745^755.
[55] Y. Shirazi, H.G. Rus, W.B. Macklin, M.L. Shin, J. Immu-
nol. 150 (1993) 4581^4590.
[56] L. Shapiro, J.P. Doyle, P. Hensley, D.R. Colman, W.A.
Hendrickson, Neuron 17 (1996) 435^449.
[57] M.B.A. ter Beest, K. Hoekstra, A. Sein, D. Hoekstra, Bio-
chem. J. 300 (1994) 545^552.
BBAMEM 77489 3-12-98
N. Palaniyar et al. / Biochimica et Biophysica Acta 1415 (1998) 85^100100
